Tertiary carbon radicals have notable utility for uniting complex carbon fragments with concomitant formation of new quaternary carbons. This article explores the scope, limitations and certain mechanistic aspects of Okada's method for forming tertiary carbon radicals from (Nacyloxy)phthalimides by visible-light photocatalysis. Optimized conditions for generating tertiary radicals from (N-acyloxy)phthalimide derivatives of tertiary carboxylic acids by visiblelight irradiation in the presence of 1 mol% of commercially available Ru(bpy)3(PF6)2, diethyl 1,4-dihydro-2,6-dimethylpyridine-3,5-dicarboxylate (8) and i-Pr2NEt, and their coupling in dichloromethane at room temperature with alkene acceptors were developed. Four representative tertiary (N-acyloxy)phthalimides and 15 alkene radical acceptors were examined. Both reductive couplings with electron-deficient alkenes and radical substitution reactions with allylic and vinylic bromides and chlorides were examined with many such reactions occurring in good yield using only a slight excess (typically 1.5 equiv) of the alkene. In general, the yields of these photocatalytic reactions were higher than the analogous transformations of the corresponding Nphthalimidoyl oxalates. Deuterium labeling and competition experiments reveal that the 2 reductive radical coupling of tertiary (N-acyloxy)phthalimides with electron-deficient alkenes can be terminated by both hydrogen-atom transfer and single-electron reduction followed by protonation, and that this mechanistic duality is controlled by the presence or absence of i-
INTRODUCTION
In one of the earliest applications of visible-light photocatalysis to organic synthesis, Okada and co-workers reported in 1991 the coupling with electron-deficient alkenes of primary, secondary and tertiary carbon radicals generated from (N-acyloxy)phthalimides upon visiblelight irradiation in the presence of catalytic Ru(bpy)3Cl2 and 1-benzyl-1,4-dihydronicotinamide (BNAH). 1, 2 The utility of this general method for combining complex carbon fragments has recently been highlighted in several total synthesis investigations in our laboratories. 3, 4 In our studies, the conditions of Okada were modified to allow the photocatalytic coupling of tertiary carbon radicals to be carried out in non-aqueous solvents. In this article, we provided details of our modification of the Okada method, and a broader survey of the notable utility of this visible-light photocatalytic method for C-C bond formation and the construction of quaternary carbon centers. In particular, we examine a selection of coupling reactions to allow a direct comparison of (N-acyloxy)phthalimides and N-phthalimidoyl oxalates 5, 6 as precursors of tertiary carbon radicals for C-C bond-forming reductive coupling and allylic and vinylic substitution reactions. We also report investigations that identify both hydrogen-atom transfer and single-electron reduction followed by protonation as viable termination steps of these C-C bond-forming coupling reactions. Coupling of (N-acyloxy)phthalimides with alkene acceptors. We next evaluated conditions for generating nucleophilic tertiary radicals from these substrates and their coupling with electron-deficient olefins. In the original report, Okada disclosed the coupling of (N- acyloxy)phthalimides with Michael acceptors such as methyl vinyl ketone (MVK) in the presence of 1 equiv of 1-benzyl-1,4-dihydronicotinamide and the visible light photocatalyst Ru(bpy)3Cl2 in aqueous THF. 1 Although various alkyl radicals were generated and coupled with electron-deficient alkene under these conditions, the only tertiary radical generated in this way was the atypical 1-adamantyl radical (eq 1). As we anticipated that an aqueous reaction medium might be problematic with highly lipophilic substrates, we chose to explore related non-aqueous reaction conditions initially disclosed by Gagné for the photocatalytic generation of glycosyl radicals from glucosyl halides (eq 2). 8 These conditions employ the Hantzsch ester, diethyl 1,4dihydro-2,6-dimethylpyridine-3,5-dicarboxylate (8) , the photocatalyst Ru(bpy)3(BF4)2, and i-Pr2NEt in dichloromethane as solvent.
RESULTS
Our efforts to optimize the coupling of 1-methyl-1-cyclohexyl (N-acyloxy)phthalimide (4) with methyl vinyl ketone (MVK) quickly identified useful conditions employing 1 mol% of commercially available Ru(bpy)3(PF6)2, 1.5 equiv of Hantzsch ester 8, and 2.2 equiv of i-Pr2NEt in dichloromethane with irradiation at room temperature with blue LEDs. Using these conditions, 
Bn the coupled product 9 was formed in 85-86% yield ( Table 1 , entries 1 and 2). Although the coupling of 4 with MVK was complete after stirring for only 1.5 h (entry 2), longer reaction times were not detrimental (entry 1). The inclusion of THF as a solvent, which was found to be beneficial in the visible light photocoupling of related tert-alkyl N-phthalimidoyl oxalates 5 did not improve the yield of 9 (entries 3 and 4). Decreasing the excess of Hantzsch ester 8, i-Pr2NEt or MVK proved detrimental (entries 5-9), although the reduction in yield using 1 equiv of the Hantzsch ester was minimal (entry 8). The yield of the coupled product 9 was only slightly diminished when equal amounts of the coupling partners were used (entry 9), suggesting that this photocatalytic reaction would be appropriate for uniting structurally complex fragments. In the absence of light, no conversion was observed (entry 10). Omission of either the Hantzsch ester (entry 11) or i-Pr2NEt (entry 12) resulted in a decreased yield of 9, suggesting that the combination of these reductants was most effective. Significant, albeit slower reactivity was observed in the absence of the photocatalyst, with a 61% yield of 9 being obtained after 18 h (entries 13 and 14). A related observation was noted by Okada and co-workers in their initial report. 1 We next examined the reaction of (N-acyloxy)phthalimide 4 with a selection of conjugate acceptors to allow (N-acyloxy)phthalimides and the analogous tert-alkyl N-phthalimidoyl oxalates 6 to be compared as radical precursors under their respective optimized visible-light photoredox coupling conditions. Reaction of (N-acyloxy)phthalimide 4 with MVK provided product 9 in 85% yield ( Table 2) , essentially the same efficiency as realized in the reaction of MVK with 1-methyl-1-cyclohexyl N-phthalimidoyl oxalate. 9 However, in the coupling with 2cyclopentenone, (N-acyloxy)phthalimide 4 gave product 10 in 80% yield, 25% higher than the yield obtained from the corresponding N-phthalimidoyl oxalate. The reaction of (Nacyloxy)phthalimide 4 with benzyl methacrylate provided product 11 in 59% yield, again the yield being considerably higher than that achieved from the corresponding N-phthalimidoyl oxalate (41%). 9 The greatest difference in reactivity between these two classes of tertiary radical precursors was observed in couplings with methacrylonitrile. (N-acyloxy)phthalimide 4 coupled with this acceptor to give coupled product 12 in 83% yield, while the similar coupling with 1methyl-1-cyclohexyl N-phthalimidoyl oxalate yielded only trace amounts of 12. 9,10,11 We also examined the reaction of (N-acyloxy)phthalimide 4 with styrene (eq 3). In this case, the product of reductive coupling was not obtained, but rather product 13 (83% as a 1:1 mixture of stereoisomers) resulting from the recombination of benzylic radical intermediates. 12 Identical products were formed from the corresponding N-phthalimidoyl oxalate precursor. 6 As found in that case, efforts to trap the coupled benzylic radical by modifying the reaction conditions, or by adding common hydrogen-atom transfer reagents such as Bu3SnH, Et3SiH, Ph3SiH, or PhSH were unsuccessful. 13 (N-acyloxy)phthalimides were also tested as precursors of tertiary radicals in allylation and vinylation reactions. 14 We initiated these studies in a similar fashion by performing control and optimization experiments of the reaction of (N-acyloxy)phthalimide 4 with α- 
Ph (bromomethyl)styrene (14) (Table 3 ). Using the conditions optimized for reductive coupling with electron-deficient alkenes, (N-acyloxy)phthalimide 4 reacted with α-(bromomethyl)styrene (14) to give substitution product 15 in 74% yield (entry 1). No synthetically useful product formation was observed in the absence of light or the Hantzsch ester (entries 2 and 3). In contrast to the related reaction with the tert-alkyl N-phthalimidoyl oxalate precursor, 6 the absence of the Ru(bpy)3(PF6)2, did not diminish the yield of allylation product 15 after 18 hours (entry 4).
However, entries 5 and 6 show that the reaction without the photocatalyst proceeds considerably slower. The yield of 15 was only slightly lower using 1 equiv of the acceptor (entry 7), again
showing that the coupling of valuable fragments likely could be accomplished without the need of an excess of either coupling component. Finally, entries 8 to 10 confirmed that an excess of i-Pr2NEt led to higher yields, but even without this additive, product 15 was isolated in 48% yield. With suitable reaction conditions in hand, we explored further the scope of radical substitution reactions of this type (Table 4 ). a-(Chloromethyl)styrene coupled with (Nacyloxy)phthalimide 4 to give allylation product 15 in 80% yield, which was slightly higher than that realized with the corresponding bromide 14. Methyl 2-(bromomethyl)acrylate and methyl 2-(chloromethyl)acrylate coupled in excellent yield with (N-acyloxy)phthalimide 4 to give product 16. Vinylation reactions with methyl 3-bromoacrylate and b-bromostyrene proceeded in lower yield, but with high (>20:1) E stereoselectivity, to form products 17 and 18, respectively. To realize the moderate yields in these vinylic coupling reactions, 5 equiv of the bromide coupling partner had to be employed. Products resulting from a second addition of the tertiary radical were never isolated, although allylation products 15 and 16 are potential excellent radical acceptors themselves. This selectivity likely results from steric shielding by the quaternary carbon fragment in these products. To explore further the scope of allylic coupling reactions of tertiary carbon radicals generated by visible-light photocatalysis, we examined the reaction of a selection of (Nacyloxy)phthalimides with α-(bromomethyl)styrene (14) ( Table 5 ). In all cases, the product of 2phenylallylation was isolated in high yield (71-91%). The coupling reactions of (Nacyloxy)phthalimides 3 and 5, derived from gemfibrozil and 18-β-glycyrrhetinic acid, illustrate the utility of (N-acyloxy)phthalimide derivatives to efficiently elaborate drug and natural product carboxylic acids to products containing new quaternary carbons (entries 3 and 4).
Diastereoselectivity in the coupling of chiral (N-acyloxy)phthalimide 5 with allylic bromide 14 was only 3:1, reflecting the lack of dominant steric influence in the proximity to C19 in the 18-βglycyrrhetinic acid series. Evaluating the generality of the radical coupling in the absence of Ru(bpy)3 2+ . After observing during our optimization studies that the reductive coupling of (N-acyloxy)phthalimides with electron-deficient alkenes occurs in the absence of the Ru(bpy)3 2+ photocatalyst ( Table 1, entries 13 and 14), we investigated further the generality of this reaction. As our preliminary studies had shown that the reductive coupling with MVK was significantly slower in the absence of the photocatalyst, reactions were carried out for 18 h ( Table 6 ). Reductive coupling of (Nacyloxy)phthalimide 4 with MVK or acrylonitrile provided products 9 and 22 in 61% and 57% yield, respectively (entries 1 and 2). Attempted reactions of (N-acyloxy)phthalimide 4 with methacrylonitrile or three cyclopent-1-ene-1-carbonitriles afforded no products of reductive coupling (entries 4-7). In these four cases, both coupling partners were recovered in high yield. Allylic and vinylic substitution reactions were also surveyed in the absence of the Ru(bpy)3 2+ photocatalyst (Table 7) . In contrast to the results of the reductive coupling reactions, allylic substitution reactions of (N-acyloxy)phthalimide 4 with a-(chloromethyl)and a-(bromomethyl)styrene afforded allylated product 15 in identical high yields to that observed in the presence of Ru(bpy)3(PF6)2. The allylic substitution product 16 and the vinylic substitution products 17 and 18 were also formed in the absence of the photocatalyst, although in these cases yields were approximately 40% lower than those realized in the presence of the photocatalyst (Table 4 ). Attempted coupling of styrene with (N-acyloxy)phthalimide 4 in the absence of Ru(bpy)3(PF6)2 gave only trace amounts of product 13 (see eq 3) resulting from recombination of benzylic radical intermediates. Mechanistic investigations. The basic mechanism originally suggested by Okada for the formation of carbon radicals upon visible-light irradiation of (N-acyloxy)phthalimides in the presence of a dihydropyridine reductant and catalytic Ru(bpy)3 2+ (vide infra) 1 is consistent with the results of our investigations. However, our experimental results suggest that the termination of the reductive coupling of (N-acyloxy)phthalimides with electron-deficient alkenes can take place by two pathways (Scheme 1). After addition of a tertiary radical to a C-C p-bond, the product radical can be terminated either by hydrogen atom abstraction (path A) or by a two-step process of single-electron transfer followed by protonation of the resulting anion (path B). 
Scheme 1. Possible Termination Pathways in Reductive Coupling of Tertiary Radicals and

Alkenes
To probe the role of the Hantzsch ester in the termination sequence, we examined the coupling of (N-acyloxy)phthalimide 4 with MVK employing 4,4-dideuterio Hantzsch ester 23 (eq 4). 15 Coupled product 9 was obtained from this reaction in 47% yield and was determined to have only 33% deuterium incorporation (at C2 of the butanone side chain). 16 This result contrasts sharply with the essentially complete deuterium incorporation observed in the related coupling of the corresponding N-phthalimidoyl oxalate. 6 As the protic acid generated by oxidation of dideutero Hantzsch ester 23 would be a mixture of protio and deuterio species, the low level of deuterium incorporation in product 9 (eq 4) is consistent with significant termination by the two-step electron transfer/protonation sequence. 
To examine in more depth the termination stage of reductive coupling of (Nacyloxy)phthalimides with alkenes, we investigated coupling reactions of (Nacyloxy)phthalimide 4 with various a,b-unsaturated nitriles containing a leaving group at the allylic a' position, a strategy introduced in the preceding article. 6 Coupling of 1-methyl-1cyclohexyl (N-acyloxy)phthalimide (4) with cyanocyclopentene allylic benzoate 24, under our optimized conditions for reductive couplings, gave products 25 and 26 in 28% and 45% yield, respectively (Scheme 2). The product of reductive coupling was formed as a mixture of four stereoisomers, with the major isomer being represented by structure 25. 17 In order to examine whether the nature of the radical precursor, or more likely the reaction conditions used for radical generation, has an effect on the termination mechanism, (Nacyloxy)phthalimide 4 was allowed to react with cyclopentene allylic benzoate 24 under the conditions typically used for the reductive coupling of N-phthalimidoyl oxalates (eq 5). In this case, only products of reductive coupling were obtained (67% yield). As the conditions of the reactions reported in Scheme 2 and eq 5 differ most notably in the presence of i-Pr2NEt in the former, the electron-rich trialkylamine appeared to be potentially critical for single-electron reduction of the coupled radical E to generate intermediate carbanion F of Scheme 2.
To further study the role of i-Pr2NEt in the termination process, we subjected (Nacyloxy)phthalimide 4 to photoredox-catalyzed coupling with cyclopentene 24 omitting the Hantzsch ester 8 (eq 6). This experiment resulted in the exclusive formation of allylic substitution product 26 in 36% yield, with no trace of product 25 of reductive coupling being observed. 19 These results implicate the combination of i-Pr2NEt and the photocatalyst as the single-electron donors in the reduction of the initially formed product radical, 20,21,22 and show that the aminium radical cation generated upon oxidation of the amine during the course of the reaction does not act as a hydrogen-atom donor in the termination step. As expected, the coupling of (N-acyloxy)phthalimide 4 with cyclopentenyl bromide 27 provided only the allylic substitution product 26 (eq 7). As 26 was also formed exclusively in the coupling of 1-methyl-1-cyclohexyl N-phthalimidoyl oxalate with bromoalkene 27-a process that undoubtedly involves homolytic b-scission 6 -single-electron reduction would not be required for the formation of substitution product 26 in the transformation depicted in eq 7. 23 We conclude with one additional example of the critical role the stoichiometric reductant can play. As already described, the coupling of (N-acyloxy)phthalimide 4 with α-(bromomethyl)styrene (14) proceeded in the absence of the photocatalyst (Table 7) or i-Pr2NEt, albeit the later in poorer yield ( Table 3 , entries 1 and 8). In contrast, the reaction of (Nacyloxy)phthalimide 4 with α-(acetoxymethyl)styrene (28) fails in the absence of either i-Pr2NEt or Ru(bpy)3(PF6)2 (eq 8).
DISCUSSION
On the basis of our investigation and existing precedent, 1,2 we propose the following mechanism for the coupling of tertiary (N-acyloxy)phthalimides with conjugate acceptors 
Scheme 4. Potential Chain Mechanism for the Visible-Light Promoted Coupling of Tertiary (N-Acyloxy)phthalimides with MVK in the Absence of Ru(bpy)3 2+
The observation that the visible-light reductive coupling is slower in the absence of a photocatalyst, and succeeds only with highly reactive coupling partners, would be consistent with a chain mechanism (Scheme 4). However, much additional investigation will be required to elucidate in any detail the mechanism of the reductive coupling in the absence of the photocatalyst. In nearly all cases examined, the yields of these photocatalytic reactions were higher than the analogous transformations of the corresponding N-phthalimidoyl oxalates. 6 In some cases, the coupling of (N-acyloxy)phthalimide derivatives of tertiary carboxylic acids can be accomplished in the absence of the photocatalyst Ru(bpy)3(PF6)2; however, this reaction is of less preparative significance, because it is slower than the photocatalytic reaction and only succeeds with highly reactive radical acceptors.
The ability to include or exclude the electron-rich trialkylamine i-Pr2NEt in photocatalytic reactions of (N-acyloxy)phthalimides allows one to dictate whether the coupling reaction is terminated by hydrogen-atom transfer or single-electron reduction followed by protonation. With some alkene radical acceptors, this choice can dictate the reaction outcome.
The ease of synthesis and purification and high crystallinity of (N-acyloxy)phthalimides, together with their efficient photocatalytic generation of tertiary radicals at room temperature upon irradiation with visible light, combine to make these carboxylic acid derivatives highly attractive precursors of tertiary carbon radicals for use in C-C bond formation. Table 1, After sequential addition of CH2Cl2 (1 mL, sparged with Ar for 5 min), α-(acetoxymethyl)styrene (28) (38 μL, 0.23 mmol, 1.5 equiv) and i-Pr2NEt (55 μL, 0.33 mmol, 2.2 equiv), the vial was capped and placed in the center of a 30-cm loop of blue LEDs. The reaction mixture was stirred for 18 h, after which it was concentrated under reduced pressure.
4-(1-Methylcyclohexyl)butan-2-one (9). (
Preparation of the product of reductive coupling 25 and allylation 26 (Scheme 2).
The crude residue was purified by silica gel chromatography (100% pentane) to provide 15
(19 mg, 0.090 mmol, 60%) as a colorless oil. 6
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